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DTl#lIC ?ROCBSSES IN FIELD-REVKRSRD-CONPIGUMTIONCOMPAfi TOROIDS

D. J. Raj

Los Alaws !ktiorul Laboratory, Los Alamos, NM8754S, USA

CT

In this lacture, tha dynamic procwms involwd in Iiald-rmmrscd

configuration (PUC) formtion, translation, and coqr~ssion will k

r~viovod. Though th~ FM is ralatw! to tha fimld-rowtmd ●irror

concept, tho fmmtion mthed wmi in mst ax~riments is ● variant of

th~ field-rovwsd -pinch. Pormtion of tho PllC quilibrium accurs

rapidly, usually in 18ss than 20 Mm. The foNtlon squ8nc@ consists of

sawrml couplti proc9mcs: (1) praionisationl (2) radial implosion and

comprossionl (3) ngnotic fitld lin~ closuraj (4) mid comtractionl

(5) quilibrium formtion. Rocont ax~rinnts and thwry tUV9 hd to ●

significantly improvd und~rstanding of them procoams~ howvor, tha

●xpariuntal method still rdiw on ● mmowhat empirical ●pproach vhich

involv.m tha optimisation of initial pr~icmisation plasm Paramators and

a~tm. W improwwnts in PUC forntion mathods includa th~ usc of

low-r volt-~s vhich e.xtrapolat~ battar to lar~r dovicos.

T’h ●xial translation of co+act toroid plasms off~rs an ●ttrsctivo

•~in~ring convdutcu in ● fusion rmctor. PUC tramlatim has bwt

dtiwnutrated in mvarml ●xparimmts vorldwido, and them plasmas •r~

found to k robust, moving ●t spwda up to tha Alfv&n velocity owr

d!ata.nc,a of up to 16 m, vith no d~gradation in the confin~mnt.

Compact toroids ~ra idml for mgmtic compassion. Translatc4 ?RCs

haw bwn comprcsaad and hoatod by imploding liners. Upcoming

●x~rimmts wjli r~ly on ●xtatnal flux compassion to h~ac a translated

~C at 1-CU pcwr lwmls.
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1. I!WRODUCTION

‘l%- field-reversed configuration (FRC), a prolate compact toroid

plains vithout toroidal magnetic field (Fig. 1), is an attractive

magnetic fusion concept because of Its simple geometry, extremely large

plasms beta, and nstural diverter. MED-stable PRC equilibria vith

imprmsive pmamsters havQ ken created recently in modest-sized devices.

?01” ~ple, P’RCS have km gm~rated in the PM-C axpariment ●t Los

AlamM with R <0.12 ■ , 1X1021 <n= j 5X1021 ●-3, 0.1 ~Ti <0.6 keV,

1 Physics issues related to !TtC0.1 j Ta <0.2 keV, <P = 1, TE ~ 100 vs.

~ullibria, stability, and trsmport •r~ rwiawed in compmion lectures

prmmntsd at this School.2’3 In addition to thwe gmeric magnetic fusion

ismma , th~re ●re ● nudmr of other topics that ●re of spcial

#igllificMca to tha FRC and othor cmpact toroids. In this l~cture, ve

comidm thins s~cial topics dealing vith dynsmic procamcs Vhich can

result in significant changas to the PRCI (1) furmation, (2) translation,

and (3) mgmtic cmprassion hinting.

Tl+RTA~H COW

/ FIIQ+B?TA PUSMA

Fig. 1: Thai fiald-rovorsd confimration (FRC).

II. M!EI!WX!W
I’heugh th~ ?RC is r~latad to tha fiald-rwocaad ■irror conc~pt, the

formation mthod used in ●ost mxp,rimonta to datm ie a varimt of tho

fiald-rwormcl -pinch, a tachniqua that is ●s old ●s th~ international
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fusion program itself. Formation is a critical phase in which all of the

poloidal magnetic flux ●nd ❑ost of the plasma thermal energy is rapidly

introduced to the configuration (usually in less than 20 IJS) before the

w~il$.brim is ●stablished. Aa discussed below the plasma configuration

is highly vulnerable to destruction during this time.

The field-reversed--plnch fomation sequence illustrated in

Figura 2 consists of several coupled processes. In ● typical FRC

experiment~ ● neutral gas (usuelly hydrogen or deuterium) is introduced

into ● cylindrical vacuum chmmber mounted coaxially inside ● -pinch

coil. Both static and puff gas fill methods heve bew used with initial

fill pressures p. ranging between 1 and 40 ●torr. A reversed bias

m@gn8tic field Bb is then applied by discharging a capacitor bwk into

the -pinch coil. TbQ neutrsl gas is subsequently preionimd in the bias

field (?1s. 2a). Preionization is often ● tvo-step process. First, s

lov-level s- ionization is produced by uae of rf, ■icrowaves, uial

currantst or oacillati~ multipole magnetic fields. Second, nearly full

braakdovn is ●chieved by driving internal pla.eu currents. The most

popular technique* involve axial currents (s-pinch) driven by end

●lectrodes end currents induced by ● ringing -pinch or multipde. All

of the-o preionisation (PI) ~thods have been shawn to be ●ffectiva in

breaking down tho fill gas. On the other band, thare ●xists c need to

improve tho PI method since good ple.aM confinement in the FRC ●fter

formation im often linked to ● quiescent, symetric PI plasma. 1’4 It iS

usually difficult to ●xperimentally obtmin those optimum PI conditions.

AM empirical ●pproach is normmlly wed to ●stablish an oparationel range

of p. and ~ over which ea ●cceptable PI phsme can be produced. To

data, no single PI mathod hu clamly -rind u being superior.

Ait-r preionisatioa, tho $pinch coil current is rapidly reversed

(?1s 2b), usually in lass than ● radial Alfven transit tiDu. The PI

plaamm is cold vith ●lectron temperatures of several ●V, but it has ●

efficiently large conductivity to trap the bias flux. When the pressure

from the ●xtmtal B-fiald axcoeds that of the PI plaau - bias field

●ixture, tha plum radially implodes ●long with its trapped biaa flux.

For the configuration to be ● compact toroid, the oppositely-directed

B-fields must connect to one ●nether within the vacuum vessel. Hagnetic

field line tearing and reconnection ●fter the radial implosion is

depicted in Pig. 2c. Until recently, this tearing-reconnection process

was the standard procedure umd to obtain field line clomre; on
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present-day ●xperiments, auxiliary ●nd coils are used to obtain internal

field line closure without tearing during the radial implosion phase.

Further daboration about tearing and non-tearing formation is offered

below. After field-line closure, an axial contraction (Fig. 2d) usually

occurs since the field line tension ●t the ●nds is larger than the plasma

pressure. The radial and axial shock vaves eventually subside, md the

plasma raaches an FRC equilibrium state (Fig. 2e).

PREIONIZATION
(a) -

FIELD REVERSAL

(b)

RADIAL
COMPRESSION
& FIELD LINE

CONNECTION
(c)

AX?AL
CONTRACTION

(d)

EQUILIBRIUM
(0)

Fig.

Tha FRC formation

takan with diagnostics

— ——
.. ...”..

——

SEPARATRIX

2: Tha FRC for8ation saquwnce.

oaquence is documented by the FRX-C data in Fig. 3

5 Shovn in thisplaced ●t the axial ●idplane.

Pigvr@ are time-depandent traces of the ●xternal nagneti~ field Bw, th~

normalised diamagnetism or excluded flux ho, and tho integral density

●long ● chord ●crosrn the ●idplane. The diamagnetism is inferred using

the relationship, ho = Bvm~ - ~, vhere ~ is the magnetic flux ●easured

by ● loop placad outside the vacuum chamber ●t radius rt . ‘he revwse

bias fi~ld is modulated by the -pinch preioniaation betveen times

-ll~t~ollno The mait~ capacitor bank that generates the forvard field
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reversal occurs as Bv changes from -Bb

of the field takes place at t = 0.2 us.

when the ●xternal magnetic pressure

exceeds that of the internal mixture, the plasma “lifts off” the vacuum

wall mnd is imploded radially. The radial implosion proceeds until the

first ■inimum in AO. As Bw rises, radial oscillations in b+ and JndQ

occur from successive over and under compressions. Viscosity damps these

oscillations ●t higher plasma temperatures. The radial compression

proceeds until the maximum Bw is reached and the main capacitor bank is

crowbarred.

After field line closure at the ends, the magnetic tension forces

the plasma to contract axially. In Fig. 3, the plasma contracts and

rebounds between times ~ ~ t < 9 IJd. The plasma svells radially during

the contraction as ●violent from the increase in A+. The plasma

●longation (= length/dimmeter) decreases from an initial value of 8 to

●bout 3 ●t the minimum of the axial contraction. The FRC ●quilibrium

8tate is

5

0

1

0

50

0

finally reached ●pproximately 201Js ●fter reversal.

I

I (c) FM/xl — 1

Fig. 31 FRX-C data illustrating FM forution.
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Formation with tearing reconnection is ❑ore graphically illustrated

in Figure 4a by a time sequence of magnetic flux contours Wr,z). These

contours have been computed with a two-dimensional, resistive HIID code6

for teari~g-reconnection formation conditions in the FRX-C/LSll device.

For simplicity, V(r,z) surfaces are plotted over a single quadrant.

Because of the assumed azimuthal symmetry, these v contours also can

represent the magnetic field lines. Reversal of the bias field begins at

time t-O. Within 2 IJS ●fter reversal, the plasma is radially imploded

and the oppositely-directed field lines are connected over a region that

extends beyond ●nds of the -pinch coil and the vacuum chamber vail.

TEARING FORMATION

Fig. 41 IIIHDsimulations of

0.0 pa

L-a
12 p8

NON-TEARING FORMATION

FRC formation on PRX-C/LSH.

Tearing reco:lnection occurs between times 8 and 12 IJS. Tha severgd ●nd

plasmoids ●:. subsequently ●jected out ●xially, carrying with them their

poloidal fields, and the FRC remains inside the -pinch coil. ttagne t i c

●nd ●irrors ●re assontial in driving tearing reconnection since they

provld~ axial forces that rapidly ●vacuate plasma from undar them. On

FRX-C/LSH so-called ‘passive” ❑irrors are formed through ● reduction in

the 0-pinch coil diameter at the ●rids. A vacuum mirror ratio of about

1.2 is nacessary on the 0.7-m-diam FR~-C/LSH ~p~nch to insure tearing

reconnection. Ftuch smaller ratios (1.1 or less) are rsquired on smaller

(0.2-m-diam) devices such ●s ?RX-B.7 The time of reconnection can be
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controlled using the triggered reconnection technique in which the mirror

fields are produced by independently-driven coils mounted at the ends of

the -pinch. 8’9 Delaying reconnection has been used to maximize plasma

heating. 8 Vhile finite plasma resistivity h is essential for reconnection

to occur, the ~ simulations indicate that the actual reconnection rate

in most experiments is relatively insensitive to the resistivity

magnitude. The reason for this insensitivity is the strong dynamic force

under the end mirrors vhich ●vacuates gome of the plasma and radially

compresses the residual plasma to diameters in vhich resistive tearing

rapidly occurs. Vhile qualitatively predictable, tearing reconnection is

by no ●eans perfectly reproducible. &ial and azimuthal ●symmetries

introduced by non-uniformity in the tearing are believed to sometimes

●dversely affect plasma confinement. Because of these asymmetries the

tearing reconnection method of FRC formation has been abandoned in recent

years in favor of the non-tearing ●ethod described in the next paragraph.

The fion-tearing formutlon ●ethod vas first reported by the Kurchatov

group10 and subsequently it vas ●xtensively investigated ct Spectra

Technologies. 11 To ●chieve non-tearing formation, ●t lea~t one pair of

independently-driven ●nd magnets (knovn ●s ‘plug” or “cusp” coils) are

necessary. Non-tearing formation is illustrated in its simplest form by

the HBD simulations in Fig. 4b. The ●nd magnets are ●nergized so that

their fields are in the fonard direction, thereby forming cus@ with the

bias field. In these simulations of the FRX-C/LSH ●xperiment, the cusp

coil current remains constant during tha discharge. Internal closure of

the magnetic field lines is apparent immediately folloving

field-reversal. Any anymmmtries caused by magnetic tearing are obviously

●voided vith this mathod. Indeed, direct comparison of triggared

raconnaction and non-taaring formation on both the TOR and TRX

●xperiments claarly indicates that ■ora-symmmtric ●nd reproducible FRCS
10,11 ~ring thesa

●ra ganerated vith tha lattar formation tachniqua.

●xperiments, ● second pair of drivan end magnats vara used. Thesa

magnets vere placad batvaen the 0-pinch ●nd tha cusps and rapidly variad

&t tha tima of revarsal in order to ●djust the timing of the axial

contraction. Caraful timing of the contraction vas naaded to optimize

the plasma haating saquanca.

In ●vary ●xparimant parformed to date, practically all of tha plasma

haating occurs during formation. For ●xampla in tha FRX-C/LSH devica,

almost all FW tharmal ●nargy (war 20 kJ) is impartad to the plasma
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during the 10 us formation period. The plasma is heated by five

processes: (1) radial implosion, (2) radial ❑agnetic compression,

(3) magnetic flux annihilation (resistive heating), (4) axial implosion,

and (5) axial compression. A relatively simple but accurate FRC heating

●odel has been developed by Steinhauer which considers these processes to

12 Radial heating dueoccur serially. to the implosion followed by

magnetic compression is found to be substantia~ in present devices since

the initial tak~idal ●lectric fields can range up to 1 kV/cm. The

resistive or ohmic haating level depends on the amount of bias field that

is annihilated during formation. k anomalous flux annihilation rate is

believed to ●xist arising from ❑icroinstahilities driven by the steep

pressure gradients present during the radial implosion. The axial shock

and the resistive heating rate are coupled. T4e strength of the axial

shock depends on the amount of trapped bias flux that is present after

field line closure. As more bias flux is annihilated, the plasma

pressure increases due to the increased resistive heating and the

strength of the axial shock is reduced. Therefore, for a given Bb ~ the

total energy imparted to the plasma from the resistive and axial shock

heating remains relatively constant. Radial implosion he~ting dominates

in ●xperiments operated at low Bb and high Be such as on FRX-C.l Radial

heating, vhile ●ffective, has the serious drawback of requiring the use

of high-voltage technologies which do not ●ttractively ●xtrapolate to

larger-sized devices. Axial shock and resistive heating, on the other

hand, become substantial in experiments at high Bb and low Ee such as on

TRX-2.13 Operation in this regime makes more modest technological demands

for larger sized esc6ines.

2 the poloidal flux tp is oneAs discussed by Hoffman at this School,

of the ■ost important FRC parameters. The critical stability and

‘lJrs (r/pi)dr (= the average number of iontransport parameter,2’3 s - rg ~

gyroradii ●cross the minor radius of the torus), is lir,~::ly proportional

to +P for fixed ra ●nd Ti. A challenging physics goal faced by the FRC

community Is to maximize $P or s in order to decrease cross-field energy

losses ●nd to check whether or not the FRC will maintain itc stability

3 In field-reversed -pinch ●xperiments, $Pagainst predicted HHD❑odes.

can never be greater than the reversed bias flux at t-0, tb - Bb(t-O)nr~,

at the vacuum chamber wall radius rt. In fact, a non-negligible fraction

of +b is lost during fcrmatlon in most experiments. For example, $ may

be lost during field reversal, a time vhen the internal pressures force
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the plasma end bias flux outvards, so that they contact the vacuum wall.

These convective losses vere first considered in 19b6 by Green and

Nevton14 who concluded that in order to inhibit flux loss, lift-off ❑ust

occur in less than a radial Alf\en time Tr = rt/vA. This results in a

bias magnetic field limit B*, vhich, in practical units, is given by the

formula,

~/2[Aipo(mtorr)lBA(kG) - l.88[Ee(kV/cm)]- 1/4 r (1)

where Ai is the ion atomic mass number. Accordingly, these losses reduce

the bias flux such that lift-off occurs at a reduced external field BLO

B@b - 1 - [Bb/Bw]2 ● (2)

Equation (2) has been confirmed experimentally on saall devices operated

15 Recent experiments and theory, on theat weak bias fields, Bb s 0.5B*.

other hand, havo indicated that the Green-Nevton model overestimates flux

loss, especially et high bias, because of a thin, highly-conducting,

pressure-bearing sheath that can form ne~r rt. The sheath ■odjfies flux

10ss from an inertial to a slower, resistive process. Present

theorics1b~17 set a maximum lift-off field of approximately 2BS. Fast

flux annihilation could occur vhen op?rating above this limit because of

increased impurity contamination arising from sheath-wall interactions.

In practice, hovever, long-lived FRCS are produced ●t somewhat lover

fields, BLO ~ti. 10

Ve now consider the time after lift-off during vhich typically

betveen 40% and 80% of the remaining flux is lost. This loss is believed

to be caused by an anomalous resistivity associated vith

❑icroinstabilities. Instabilities ●re driven by the high drift parameter

associated with the steep pressure gradients that are present during

compression. Little flux is lost during the axial shock because as the

plasma contracts it also svells radially and pressure gradients are

reduced. The most effective flux trapping during the ●ntire formation

process has been observed on tl)e TRX-1 device vhere equilibrium 4 values

up to 0.3$K (vhere +* = BAnr~) have been inferred for long-lived FRCS.18

While the magnitude of the axial shock does not directly affect the
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equilibria.m flux level, It has been indirectly linked to plasma

confinement properties observed afterwards. This effect is particularly

●violent on larger devices In vhich resistive heating becomes less

●ffective and violent axial contractions can occur even at small bias

fields. For ●xample, on FR.X-C/LSfl, it is found that ●quilibrium flux

confinement can deteriorate by ●ore than an order of magnitude when there

me severe axial contractions, even vith non-tearing formatiol~ in a

5 Although the cause of this deterioration is not known atviscous regime.

present, the axial dynamics during formation place a practical upper

limit to the equilibrium flux for long-lived FRCS at a level of about

C!.l$A on FRX-C/LSll.

The field-reversed 0-pinch formation method has been proven

effective in producing stable FRCS wit!l impressive nTE val~es; hovever~

this ❑ethod has several technological ~and physics limitations. Implosion

heating demands the use of high-voltage, high-current, pulsed-pover

technology (ea., 100 kV and 3 HA on FRX-C) which becomes cumbersome vhen

extrapolated to larger-sized machines. This technological problem vill

be partially circumvented on the nev, 0.9-m-diameter LSX device vhich

will operate ● lower Ee at conditions where axial shock heating, end, to

a lesser etxtent~ resistive heating ●re important.

Ultimately, an eintirely nev formation t“~chniquc, one that does not

necessarily couple heating and fluxing before the establishment of an

●quilibrium, may be desirable. Several ●dvanced formation aethods are

being pursued both ●xperimentally and theoretically. For ●xample,

19 hava proveninitial experiments on the Coaxial Slov Source device

successful ●t producing transient nC-lik* plasmas at 50-times-lower Ee

than that in conventional field-reversed 0-pinches. Also , rotating

magnetic fields have been ●ffectively used to drive FRC-like geometries

in modest-siz8d experiments. 20’21 A third ❑ethod to drive FRC currents is

Vi th neutral beam injection. Exploratory bem injection start-up

●xperiments on the 2XIIB ❑irror device revealed a difficulty in obtaining

22 This currentfield-reversal because of ●l~ctron counter currents.

cancellation may be ●voided vith ❑ultipoles23 or vith the Ohkava effect 24

that cm be ●nhanced vhen impurity ions are introduced. Indeed,

experiments have been proposed to r-examine neutral beam fcrmation or

sustainment of ●n FRC; 25 hovever, no vork has been performed in the

laboratory since the 2XIIB experiments from a decade ago.
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111. FRC TRANSLATION

Sinca ● compact torus (CT) is not linked by materials (such as

transformers, coils, and vacuum chambers), the plasma ●quilibrium

configuration may be readily translated along its geometric axis.

Translation appears to be ● convenient ●ngineering option ●nvisioned in

fusion r.actors76 sine. the formation, heating, and burn chamber

technologies can be physically separated and the neutron vail loading may

adjust~d by the speed of translation. (These advantages, however,

naturally compromise the linear “compactness” of the CT pover plant.)

FRcs hnva bmn routinely translated in several ●xperiments

vorldvide. 27-29 No deterioration in confinement is observed ●s plasmas

29 Besides demonstrating thetranslate over distances of up to 16 ●.

translation conc~pt, these experiments have proven important for a

variety of technological and scientific reasone? for ●xample I

(1) Translation into an ●djacent region vith dc guide field is ●quivalent

to ●pplication of ● pover crovbar. This is important since FRC lifetimes

of over 300 MS ●re comparable to the crovbar decay the of the &pinch;

(2) Field-reversed &pinch tec~hnologies (high-voltage coils, quartz

vacuum chambers) ●re often incompatible vith side-mounted, vacuum-coupled

diagnostics (such ●s bolometry, soft x-rays, VW spectroscopy, ●nd

internal magnetic probes). Plasma tramlation into ● metallic vacuum

chamber with lov-voltag~ coils svoids these difficulties; (3) The s

parameter can be increased by ●bout 30% vhen an FRC is transl~ted into a

●allar-diameter flux conserver; (4) Every side-viaving diagnostic can

observe the ●ntire plasma length during en FRC transit past the

diagnostic’s field of viev. Therefore, axial profiles may be inferred,

given the translation speed.

A schematic draving of the FRC translation deviee FRX-C/T is shown

in Fig. S. The 2-m-long field-reversing 9-pinch coil is fabricated to

resemble ● small-angle (1.4°) conical -pinch. Plasaas ●re accelerated

by ● net je x Br force out of the -pinch ●nd into ● colinear translation

region that is attached ●t tha downstream ●nd. This region consists of a

5-m-long, 0.4-m-diam ❑etallic vacuum chamber and dc magnetic guide field

B.. A dc mirror field vith magnitude up to 5B0 is produced at the

downstream ●nd to reflect the translating FRC.
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Fig. 5: Schema:lc drawing of the FRX-C/T experiment

FRC translation in a typical rRX-C/T discharge is illustrated by the

data in Fig. 6. Plotted at ●pproximately 18 us intervals ●re the ●xial

profiles of the plasma sepnratrix radius r~(z) as inferr~d from the

❑easured ●xcludtid flux. The dashed lin~ ●t z-O Indicstes the ●xial

❑idplane of the -pinch coil. The ❑ain capacitor bank is discharged at

t_O ●nd the FRC is fully formed Within 10 VS. Because of finite plasma

inertia, the torus is not accelerated out of the e-pinch until after FRC

formation. The accelerating force on the 1-HA toroldal plasma current is

about 4 kN; therefore, the charncteristlc ●cceleration time of the

2xlo-’kg plasma mass is of ~rder 10us. Because formation and

acceleration occur sequentially? thare is no need for pulsed “gate” coils

to initiate translation. The FRC enters the translation region

(z - 115 cm) with negligible loss of ‘P
●nd $P. The FRC moves at

relatiwly constant v~locity, Vz = 1.7x105m/s, until it is reflect~d by

the downstream ❑irror. No additional losuas in Ep or $P are induced by
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reflection. The FRC translates back tovards th~ source and undergoes a

second reflection from the ❑irror formed by the crowbarred e-pinch coil.

The plasma eventually settles down ne=r the center of the translation

region and it ultimately decays avay after 200 IJS.

‘II=2nI
~~:;~

orlzs2zl

‘Li5=2zI
o 200 400 000

z (cm)

o 200 400 600

z (cm)

Fig. 6:
Time-avolution of the ●agnetic separatrix profile rc(z) of a

translating FRC in ● typical FRX-C/T discharge.

Tha translated velocity can be adjusted by the guide field strength.

As B. is decreased, the plasma ●ccelerates to ● fastar Vz ●t the ●xpense

of ●xpansion cooling. Plott@d in Fig. 7 are VZ(BO) data from 88 PRX-C/T

diachargea. Typical initial plasma paramtera in the -pinch vere~

Bv ● 0.6 T, r- ~ 0.12 m, ne = 1.4x1021m-3r and Te+Ti ❑ 0.6 keV. A simpl~

■odel has been developed to predict Vz, gicet the initial pl~ema

temperature and the vacuum magnetic field gradient. Axial kinatic ●nsrgy

is ●smwd to be gained ●t the ●xpansa of ●diabatic ●agnatic

decompression of the plasma ●nd ❑agnatic fi~ld. Tho ❑odel prtdicts Vz to

lie betveen the tvo curves drawn in Fig. 7. Host of

obtained ●t larggr guide fi~ld, BJ3 kG, ~re boundmd

lover 8., Vz ●ppears to ba limited to approximately

speed, a value ●bout 25% smaller than that predictad.

the FRX-C/T data

by the theory. At

the ion th~rmal
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2 4 6

BO(KG)
Flu. 71

FM translation wlocity obaarved in FRX-C/T plottad against tha
●ppli,d dc guidu fiald.- Each data point ia- from ●- saparata
diacharga.

~ial kjnatic anergy is lost during ● reflection. As illustrat~d by

tha Fig. 0 data, tha magnituda of Vz is dacrcacad batwan 20 ●nd 50%,

independent of ❑i~”ror ratio. Tha fastaat ❑oving FRCS loaa th~ grwtaat

amount (75%) of diractad wmrgy. This in~lasticity in th~ raflaciion

●ids in the trapping of th~ FRC in thg translation ro~ion. Tha dirmcted

kinatic ●nargy that is lost can only somatimas ba ●ccounted for. Vith

tho largast mirror ratio, this ●argy appwra ratharmalizad into tha

plasms~ howavar, with smallw ■irrors, this ●nargy ●ppears lost.

FRC translation physics is further rowalad by 2-lJ MHD simulations

of tha FRX-C/T data (Fig. 9). Field lina cloaura is ●symmetric; taaring

rsconnoction occurs und~r the upstlmm m.rror vhil~ tha cusp fo~mad

batwam th, biam ●nd th~ dc guida fiald inaura non-tearing closure

dovn~trsam. The MED cod~ quantitatiwly prgdicts the bahavior shown by
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the Fig. 6 data, including the axial kinetic ●nergy losses during a

reflection; howwer, tha computation indicates that this ●nergy is

rethermalized into tha plasma, an ●ffect that is not ●lvaya observed

●xperimentally. The simulations ●lso indicato that the translation

dynamics can distort the plasma configuration far avay from ●quilibrium.

1.0 I I 1 i 1 I I I I I 1 I I I I ‘ ‘m

0.8 ‘“-

0.6 -

0.4 –

0.2 –

0

Ratio

[

1 I 1
2 3 4 5

BO (kGO

Fig. 81
of FRC translation valocity aftu to b~foro r~flaction

from ●nd mirror plott~d ●gainmt tha ●pplied dc gulda fimld.

This fact is Illustrated in Fig. 10 in which tha domain of p(~), computad

ovor tha ●ntlro 2-dimensional simulation grid, is plottad for thrw times

corresponding to th, middla of th~ first transit, th~ raflaction, ●nd tha

●iddla of th~ s~cond transit through tha translation rtgion. In viaw of

tho larg~ ranga of P(V) during th~ reflection, ona must conclude that ●n

FRC is ● robust objact that cm ●durm significant perturbations ●way

from ●quilibrium vithout dotariorstion in confinamont.
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simulations of FRC translation in FRT-C/T.

Fig. 10I Calculated domain of
plasma pr,sauros plottod ●s ●

function of the poloidal flux
T for tho sam~ llHD simulation
●s is shovn in Pig. 9. Flux
im normlizad to that at tha
■gnatic ●xis,
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IV. IIIG19-mWER ?WNETI C COHPRBSSION EEATING

h diacusud in !11, -St of the heating in practically ●very ~C

cx~ri-nt occurs during formmtion. Auxiliary besting of the ●quilibri~m

pla.amm rmpresmnts m important nw step in FRC res~arch since it would

utand parroter spmc, to higtwr t-pmraturas. In particular, a heating

~riwtt should ●now batter undarstmnding of confinewnt ISSUQS such

u tha obsarvcd m.nouloum cross-fialcl ●lactron th~rmal conductivity,

pmrticla convection rate, m.nd fiald-null r~sistivity.

bacawa of tho rclatiwaly high--argy dansity (or 6) and short

confinamant tiws obscrvmd in prasmt FRC plaamma, mn auxiliary haating

u~rimant vill d-d ●xtraordinary pover levels. For exampl,, the

?RX-C/LSll pi-mm curltairu about 20 kJ of tharmal •nor~ that is cmfined

up to 100 us; tharafor~, input pov9r 10VQIS of order 1 CV vill ba

raquirmd in order to offs-t tho 200 MU 10SSU and haat th~ FRC. Ilmgnetic

compression 18 particularly ●ttractive u an ●uxiliary hasting mathod

kcwso of its 10V cost, ralatiw ●fficimncy (Qspmcially vhan couplad

vith p~~u trmrmlation), mnd prown reliability. Tho physics of

mdiabmtic mmgmtic cmprossion is VQ1l understood, bing varifiod OE
32tokama.ks,30 ■icrors31 and fi~ld-rwcrsit,g ●l~ctron rings.

T?m only high-powr, ?RC comprusiofl h~ating @xprimnt to datg hav-

ban the vail compression studi-s Frformmd on tha TL dwic~, 27 in vhich

● shapnd lin~r vms implodod ●round ● translated ?RC. Ths obs~rvad

rim t ron yield (2X108) Indicatd substantial ion haating.

Uro-dimensional modaling of thas~ r~sults imply ● VOIU. compression

ritio of up to 6000 mnd Ti ValUQS of ●t loa~t 1.5 keV.33

In late 1988, the lRX-C/LSH dwic~ will ba modifigd in ordar to

prmit high-pover mqriotic compr~ssion studias. Tho cxtornal flux

outsida ● tra.nmlatao FTC vill k incr~asod four-fold. Flux compr8seion

Is proforrad ov~r lin~r coaprassion bacausa of its groatcr simplicity,

compatibility vith plasma dimgnosti~s, ●nd tho highar rap~tttion rata.

A conc~ptual d8sign of tho FRX-C ~gn~tic compr~ssion ●xpcrimant is

shown in Fig. 11. The dovico vill b~ dividad into thra~ stag~s~ (1) tha

?RX-C/LSH field-rwarsod -pinch sourco in vhich th, FRC vill ba formod

●nd launchadl (2) a central compr~ss~on ragion~ (3) ● confinamont atagol

consisting primarily of tha FRX-C/T translation region, in which the

tra.nslatad, comprasaod FRC vill b~ trappad. Th~ formation and

confinomant mtaga hardvarc already ●xist ●nd tho dasign of tho 4-m-long,

0.5-m-diaaat~r compressor is now undtrvay.
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FRC MAGNETIC COMPRESSION EXPERIMENT

1 I 1 b

1
I Source : Compressor j Confinement Region :

[ (FRX-C/LSM) ~ (add In FY88) ~ (FRx-C/T) [
I I 1 1

L J
Im

Fig. 11: Conceptual draving of the ?RX-C aagmtic conprassion ●xpcrimont.

Adiabatic compression thaory34 pradicts ● substantial incrcasa in

plmma .nargy on PM-C (60 kJ or mor~). A s~ro-di~nsional transport

-da135~36 Indicatm substantial improv~-nts in plasma paramtors from

●diabatic conpr,csional h~ating won vhcn anomalous diffusion is

Includwl. The sampl~ transport simulatiorw Illustrutd in ?is. 12 ●ra

bas~d on optimiz~d initial conditions prammtly obtainad on PR.X-C/LSHI

n ● 1X1O%-3, T,+Ti ● 0.6 kaV, r. ● 0.18 ■, 8apmratrix l~ngth

!s=l.6m,4p=6mVb, s =2. The ?RC is tranmlatod into tha compressor

●t tins, 10 < t ~ 20 us, vith :h@ vmll radius and c~tornal flux r~duc~d

in ● awmr that is coapatibla with translation ●norgotics. 37 Hsglwtic

compassion occurs ktvom times 4C < t < 70 Hs. ThQ ●xtornal B-fi*ld IS

Incrcasd from ●bout 0.S T to ov~r 2 T, and th~ plasma is comprassad vith

‘s and tn docrmsing froa 0.15 to 0.09 ■ ●nd 2.8 to 1.0 ●, r~sp,ctiwly.

Tho final plaam dwwity and tcmp,raturos dopand on tho transport

physics, Concoction ●sld conduction 10BSCS causad by tho

38 do not ●ppreciably chmng~ thalov~r-hybrid-drift (LED) instability

fjnal paramat~ks from thoso obtain-d in thg no-loss cascI n . ~x1021m-3

●nd Ta+Ti ● 1.8 k~V. Poloidal flux loss in this simulation is computod

for Q typical diffus~ profila ●quilibrium with ● fl~ld-null rosistivlty

●qu? 1 to 8 timas tha classical p~rpand!cular valuQ. Tha simulation
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indicmtes ● substantial increase in the confincmant parameter,

n~E = 6X1017S n-3 ●t Ti ● 1 keV. On tha ot+ar hand, if the cross-field

●l~ctrorr thermal conductivity K1 hcuaee won more anomalous (8s

illustrated by tha simulation in Pig. 12 vh~re KI ?redictcd by a

39 is used), th~ ●l~ctron temperature●icrotearing instability theory

could ramain clupd well-b-low 0.5 koV; cenmquently, th~ ions will cool

kcauae of the faster ●quilibration vith dcctrons. The MOMS1OUS

●lactron losses in this calculation forca tha ●nargy to dacay fast~r than

‘P “
Thcsa fut 10SSQS result in an uial contraction vhich is

rcsponsibl~ for tha plasma dansity incroasc to over 1022m-3.

o

0. -,
n, I

lo- 1 I 1 1 I T 1 I

nH (me”-3)
Xl&l ~~

o i I 1 I
o

TIME (;:)

10’’orLa
o so

Pig. 121
Z@ro-dimensional simulations of a.agnatic compression heating of
translated FRX-C/LSH placmas. ThQ thr~c simulations corraapond
to (1) no-loss~a (#olid-linea)l LHD particlg convection ●nd
th~rmal conduction ●nd ●ight-times classical poloidal flux decay
(dash~J lincs)l (3) anomalous ●lactron thgrmal conduction from
thg microtaaring ●od. in addition to tha 10SSQS conmidcr,d in
casa 2 (dottad lin~s).
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